Objective-Plasma concentration of adiponectin is positively correlated with high-density lipoprotein (HDL) cholesterol level. However, the role of adiponectin on HDL metabolism remains unknown. This prompted us to perform an in vivo kinetic study of apoA-I, the main apolipoprotein of HDL, using stable isotopes, in 22 subjects with a wide range of plasma adiponectin, including 11 patients with metabolic syndrome (8 with type 2 diabetes, 3 without type 2 diabetes) and 11 normal individuals. Methods and Results-In the 22 studied subjects, plasma adiponectin levels ranged from 2.57 to 14.44 g/mL and apoA-I fractional catabolic rate (FCR) values ranged from 0.142 to 0.340 day Ϫ1 . A strong negative correlation was found between adiponectin and apoA-I FCR (rϭϪ0.66, PϽ0.001) in the whole studied population and, to a similar extent, in patients with metabolic syndrome (rϭϪ0.73, Pϭ0.010) and normal subjects (rϭϪ0.68, Pϭ0.020), separately. In multivariable analysis, apoA-I FCR was associated negatively with adiponectin (Pϭ0.005) and positively with HDL triglycerides/cholesterol ratio (Pϭ0.006), but not with age, sex, body mass index (BMI), waist circumference, plasma triglycerides, HDL cholesterol, fasting glycemia, and QUICKI. Both adiponectin and HDL triglycerides/cholesterol ratio explained 62% of the variance of apoA-I FCR and adiponectin on its own explained 43%. Conclusions-Our kinetic study shows a strong negative correlation between adiponectin and apoA-I FCR, which can explain the positive link between HDL cholesterol and adiponectin. This association is independent of obesity, insulin resistance, and the content of triglycerides within HDL particles. These data suggest that adiponectin may have a direct role on HDL catabolism. (Arterioscler Thromb Vasc Biol. 2006;26:1364-1369.) 
A diponectin is a peptide predominantly synthesized in the adipose tissue that plays an important role in carbohydrate and lipid metabolism and vascular biology. 1, 2 It has been suggested to be a link between obesity, insulin resistance, and cardiovascular disease. Plasma adiponectin levels are reduced in individuals with abdominal obesity, metabolic syndrome, and/or type 2 diabetes. 1, [3] [4] [5] Adiponectin concentration has been found negatively correlated with abdominal obesity and insulin resistance in humans 6, 7 and has been shown to predict the development of type 2 diabetes. 8, 9 Furthermore, several studies indicate that plasma adiponectin levels are significantly decreased in patients with coronary heart disease 10, 11 and high plasma adiponectin predict a lower risk of future myocardial infarction in nondiabetic 12 and diabetic individuals. 13 However, the link between adiponectin and cardiovascular disease could be partly mediated by its effects on lipids, because several studies indicate that the inverse association between adiponectin and coronary disease is importantly attenuated or no more significant after adjustment for lipids, particularly high-density lipoprotein (HDL) cholesterol. 12, 13 Adiponectin is related to lipid metabolism, principally higher levels of HDL cholesterol and lower levels of triglycerides. 3 The positive association between plasma adiponectin and HDL cholesterol has been found in nondiabetic 6, 14, 15 and diabetic individuals. 16, 17 Furthermore, the positive correlation between adiponectin and HDL cholesterol has been shown to be independent of body mass index (BMI), body fat distribution and insulin sensitivity, 6, 7, 14, 16, 17 suggesting a potential direct link between adiponectin and HDL metabolism. The mechanism for the association between plasma adiponectin and HDL cholesterol is still unknown and has not been previously investigated. In order, to get further insight into the effect of adiponectin on HDL metabolism, we performed an in vivo kinetic study of apoA-I, the major apolipoprotein of HDL particles, using stable isotopes, in a group of individuals with a wide range of plasma adiponectin, including patients with metabolic syndrome and normal subjects.
Materials and Methods

Subjects
We studied 22 white individuals, including 11 patients with metabolic syndrome and 11 normal subjects. All the patients with metabolic syndrome were abdominally obese (waist circumference Ͼ102 cm) and were classified as having metabolic syndrome according to the National Cholesterol Education Program Adult Treatment Panel III criteria. 18 All the patients with metabolic syndrome had biological indexes of insulin resistance: increased HOMA-IR (homeostasis model assessment) 19 and decreased QUICKI (quantitative insulin-sensitivity check index). 20, 21 Among the 11 patients with metabolic syndrome, 8 had type 2 diabetes according to the criteria of the American Diabetes Association. Patients with type 2 diabetes were treated with diet alone (2 patients) or with glinides (6 patients). All patients with metabolic syndrome had normal renal function and were not using any medication known to affect lipid metabolism.
All normal subjects were in good health, with normal glucose tolerance and normal plasma lipid levels. They were not using any medication. All the women included in the study were not using oral contraceptives. The protocol was approved by the Dijon University Hospital ethics committee and written informed consent was obtained before the study was started.
Experimental Protocol
The kinetic study was performed in the fed state. Food intake, with a leucine-poor diet (1700 kcal/dayϪ1, 55% carbohydrates, 39% fats, and 7% proteins), was fractionated in small portions, which were provided every 2 hours starting 6 hours before the tracer infusion up to the end of the study to avoid important variations in apolipoprotein plasma concentration, as previously performed by our group 22, 23 and others. 24 The endogenous labeling of apoA-I was performed by administration of L-[1Ϫ1 3 C] leucine (99 atom%; Eurisotop, Saint Aubin, France), dissolved in 0.9% NaCl solution. At 08:00 AM, each subject received intravenously a primed infusion of 0.7 mg/kg Ϫ1 of tracer, immediately followed by a 16-hour constant infusion of 0.7 mg/kg Ϫ1 per hour Ϫ1 . Blood samples were collected at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 15, and 16 hours after the primed infusion. Serum was separated by centrifugation for 10 minutes at 4°C and 3000 g.
To avoid the influence of acute exercise on lipid metabolism, all studied subjects were instructed to refrain from strenuous exercise 3 days before the kinetic study.
Analytical Procedure
Analytical procedures were performed as previously described in details. 22, 25 
Isolation of Apolipoproteins
Very-low-density lipoprotein (VLDL) and HDL were isolated from plasma by a gradient ultracentrifugation using a SW41 rotor in a L90 apparatus (Beckman Instruments, Palo Alto, Calif). VLDL and HDL fractions were then dialyzed against a 10 mmol/L Ϫ1 ammonium bicarbonate buffer pH 8.2 containing 0.01% EDTA and 0.013% sodium azide. VLDL and HDL fractions were delipidated 1 hour at Ϫ20°C using 10 volumes of diethylether-ethanol 3:1. Apolipoproteins from each lipoprotein fraction were isolated by preparative discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 3% gel and 15% gel. After staining with Coomassie blue R-250, apolipoprotein bands were excised from polyacrylamide gels and hydrolyzed in 6 mol/L HCl at 110°C for 16 hours under nitrogen. Samples were then centrifuged to remove polyacrylamide. Supernatants were lyophilized in a Speed Vac (Savant Instrument, Farmingdale, NY). Lyophilized samples were dissolved in 50% acetic acid and applied to an AG-50W-X8 200 to 400 mesh cation exchange resin (Bio-Rad, Richmond, Va) and amino acids were recovered by elution with 4N NH 4 OH.
Determination of Leucine Enrichment by Gas Chromatography/Combustion/Isotope Ratio Mass Spectrometry
Amino acids were converted to N-acetyl O-propyl esters and were analyzed on a Finnigan Mat Delta Plus Advantage isotope ratio mass spectrometer (Finnigan Mat, Bremen, Germany). 13 C leucine enrichment was initially expressed in delta ‰ and converted in tracer/ tracee ratio before modeling. 26 
Modeling
Kinetic data were analyzed with the simulation analysis and modeling SAAM II program 27 (SAAM Institute, Inc, Seattle, Wash). ApoA-I and B-100 data were analyzed using the following monoexponential function: A(t)ϭAp(1Ϫexp[Ϫk(tϪd)]), where A(t) is the apolipoprotein enrichment at time t, Ap the enrichment at the plateau of the VLDL apo B100 curve, d the delay between the beginning of the experiment and the appearance of tracer in the apolipoprotein, and k the fractional synthetic rate (FSR) of the apolipoprotein. 26, 28 It was assumed that the VLDL apoB100 tracer/tracee ratio at the plateau corresponds to the tracer/tracee ratio of the leucine precursor pool. 28 This estimation is made on the assumption that apoB-100 and the great majority of apoA-I are synthesized by the liver, as previously demonstrated by Ikewaki et al. 28 In the steady state, the FSR equals the fractional catabolic rate (FCR). 26 The apoA-I production rate (PR) was calculated as the product of the apoA-I pool size and its FSR divided by body weight. Pool size was estimated by the product of apoA-I plasma concentration and plasma volume, calculated as 4.5% of body weight. 25 In obese subjects (BMI Ն30), a correction of plasma volume was performed as previously reported by many authors. 29, 30 The plasma volume was modified by multiplying by a correction factor to take into account the decrease in relative plasma volume associated with an increase in body weight. 31 The correction factor obtained from specific tables 31 increases with body weight, ranging from 0.99 up to 0.90 for the more obese patients.
Analytical Methods
Laboratory Measurements
Concentrations of apoA-I were determined by immunoturbidimetry with anti-apoA-I antibodies from Boehringer Mannheim. All chemical lipid assays were performed on a Cobas-Fara Centrifugal Analyzer (Hoffmann-La Roche). Total cholesterol and triglyceride concentrations were measured by enzymatic method using Boehringer Mannheim and Roche reagents, respectively.
Plasma glucose concentration was measured by enzymatic method (glucose oxidase) on a Vitros 950 analyzer (Ortho Clinical Diagnostics, Rochester, NY). Plasma insulin was measured by radioimmunoassay (CIS Bio International, Gif sur Yvette, France).
Plasma adiponectin concentration was determined using an enzyme immunoassay kit (Quantikine R&D, Systems, Minneapolis, Minn). The kit used measures the monomeric, the dimeric, and the trimeric forms of adiponectin. The intra-assay and inter-assay coefficients of variation for this method were less than 5% and 7%, respectively.
Insulin Resistance Evaluation
The insulin resistance level was estimated in all individuals by using both the homeostasis model assessment (HOMA) method 19 and the quantitative insulin-sensitivity check index (QUICKI). 20, 21 HOMA index (HOMA-IR) was calculated as [fasting glycemia (mmol/L)ϫ fasting insulin (U/mL)]/22.5. 19 QUICKI, which has been shown to be among the most accurate indexes for determining insulin sensitivity in humans, was calculated as 1/[log(fasting insulin expressed in (U/mL)ϩlog (fasting glycemia expressed in mg/dL)]. 20, 21 
Statistical Analysis
Data are reported as meanϮSD. Statistical calculations were performed using the SPSS software package. For continuous variables, a Kolmogorov-Smirnov analysis was performed to test for normality. Comparisons of continuous variables between patients with metabolic syndrome and normal subjects were performed either by unpaired Student t test for normally distributed data or by nonparametric Mann-Whitney U test for non-normally distributed data (plasma triglycerides). The Pearson correlation coefficients (r) were determined by linear regression analysis. Statistical significance of the correlation coefficients was determined by the method of Fisher and Yates. Because apoA-I FCR is one of the term in the equation to calculate apoA-I PR, the correlation between plasma adiponectin and apoA-I PR has been performed using partial correlation, after controlling for apoA-I FCR. A multivariable linear regression analysis was performed to analyze the influence of different factors on apoA-I FCR. A 2-tailed Pϭ0.05 was accepted as statistically significant.
Results
Clinical and Biological Characteristics
Clinical and biological characteristics are shown in Table 1 for the entire studied population, including both patients with metabolic syndrome and normal subjects and for each subgroup (patients with metabolic syndrome, normal subjects). Patients with metabolic syndrome compared with normal individuals had higher values for BMI, waist circumference, fasting glycemia, fasting insulin, HOMA-IR, triglycerides, and HDL triglycerides/cholesterol ratio, and lower HDL cholesterol concentrations and QUICKI values. Plasma adiponectin level was significantly lower in patients with metabolic syndrome than in normal subjects.
Kinetic Data
The kinetic curves of apoA-I in patients with metabolic syndrome and controls are shown in Figure 1 . ApoA-I kinetic parameters are shown in Table 2 . ApoA-I pool was significantly lower in patients with metabolic syndrome due to significantly increased apoA-I FCR. ApoA-I PR was not different between patients with metabolic syndrome and normal subjects.
Correlation
In univariate analysis, plasma adiponectin level was significantly and negatively correlated with age (rϭϪ0.50, Pϭ0.019), BMI (rϭϪ0.45, Pϭ0.038), waist circumference (rϭϪ0.56, Pϭ0.006), plasma triglycerides (rϭϪ0.46, Pϭ0.032), HDL triglycerides/cholesterol ratio (rϭϪ0.49, Pϭ0.021), and HOMA-IR (rϭϪ0.43, Pϭ0.046). Plasma adiponectin was significantly and positively correlated with HDL cholesterol (rϭ0.43, Pϭ0.044) and QUICKI (rϭ0.48, Pϭ0.024). The correlation coefficient between plasma adiponectin and plasma apoA-I was rϭ0.40 (Pϭ0.063).
As shown in Figure 2 , we found a strong negative correlation between plasma adiponectin and apoA-I FCR (rϭϪ0.66, PϽ0.001). This negative correlation between plasma adiponec- tin and apoA-I FCR was also found in each group of subjects to a similar extent, the patients with metabolic syndrome (rϭϪ0.73, Pϭ0.010) and the normal subjects (rϭϪ0.68, Pϭ0.020). The negative correlation between plasma adiponectin and apoA-I FCR was similar for both men (rϭϪ0.68, PϽ0.05) and women (rϭϪ0.68, PϽ0.05). Plasma adiponectin was not correlated with apoA-I PR (after controlling for apoA-I FCR).
In univariate analysis, apoA-I FCR was significantly and positively correlated with BMI (rϭ0.52, Pϭ0.012), plasma triglycerides (rϭ0.62, Pϭ0.002), HDL triglycerides/cholesterol ratio (rϭ0.65, Pϭ0.001), fasting glycemia (rϭ0.45, Pϭ0.036), and HOMA-IR (rϭ0.56, Pϭ0.007). ApoA-I FCR was negatively correlated with QUICKI (rϭϪ0.57, Pϭ0.005), HDL cholesterol (rϭϪ0.55, Pϭ0.008), and plasma adiponectin (rϭϪ0.66, PϽ0.001). ApoA-I FCR was not correlated with age.
Multivariable Analysis
A multivariable linear regression analysis was performed to analyze the association between apoA-I FCR and several variables. The variables introduced into the model were those that were significantly associated with apoA-I FCR in the univariate analysis (BMI, waist circumference, plasma triglycerides, HDL cholesterol, HDL triglycerides/cholesterol ratio, fasting glycemia, QUICKI, plasma adiponectin), age, and sex, because of potential apoA-I FCR differences between men and women. The multivariable analysis showed that apoA-I FCR was negatively associated with plasma adiponectin (Pϭ0.005) and positively associated with HDL triglycerides/cholesterol ratio (Pϭ0.006) ( Table 3 ). These 2 variables explained 62% of apoA-I FCR variance (r 2 ϭ0.62).
The association between plasma adiponectin and apoA-I FCR was shown to be important, with plasma adiponectin explaining 43% of apoA-I FCR variance.
Discussion
Several studies have clearly shown a significant correlation between plasma adiponectin and HDL cholesterol level in nondiabetic 6, 14, 15, 32 and diabetic individuals. 16, 17 This association between adiponectin and HDL cholesterol has been shown to be independent of BMI, body fat distribution, and insulin sensitivity in cross-sectional studies. 6, 7, 14, 16, 17, 32 Moreover, in a recent intervention study, it has been shown that the augmentation of plasma adiponectin after weight loss in obese patients was positively correlated with the increase in plasma HDL cholesterol independently of changes in adiposity and insulin sensitivity. 33 All these data strongly suggest a possible direct link between adiponectin and HDL cholesterol. To get further insight into the role of adiponectin on HDL metabolism, we report the first study of the relationship between plasma adiponectin and apoA-I kinetics in humans.
To have a good estimate of the relationship between adiponectin and apoA-I metabolism, we have performed a study in individuals with a wide range of plasma adiponectin and a wide range of apoA-I FCR including patients with metabolic syndrome and normal subjects. Age was different between the 2 groups. However, this age difference is not likely to affect our results because it has been shown that apoA-I kinetic is independent of age. 34 Moreover in our study, data from the univariate and multivariate analyses clearly show that apoA-I FCR is not influenced by age. Our study shows that adiponectin is significantly and negatively associated with apoA-I FCR and that this association is independent of other factors usually associated with apoA-I FCR (sex, abdominal obesity, plasma triglycerides, HDL triglycerides, insulin sensitivity). Because 8 of our patients had type 2 diabetes, we screened for a possible association between plasma adiponectin and fasting glycemia. But fasting glycemia was not shown to be associated with plasma adiponectin level neither in the univariate analysis nor in the multivariate analysis. In our study, plasma adiponectin can explain 43% of the variance of apoA-I FCR, indicating a tight link between both variables. Furthermore, the strong negative correlation between plasma adiponectin and apoA-I FCR is found not only in the whole studied population (including patients with metabolic syndrome and normal subjects) but also in each group (the patients with metabolic syndrome and the normal subjects). This confirms the results of the multivariable analysis showing that the association between adiponectin and apoA-I FCR is independent of insulin sensitivity.
The positive correlation between HDL cholesterol and plasma adiponectin, previously reported, 6, 14, 15, 32 is confirmed in the present study. HDL cholesterol is also significantly negatively correlated with apoA-I FCR and it is now admitted that increased apoA-I catabolism, indicating accelerated HDL catabolism, is the kinetic factor responsible for decreased HDL cholesterol level in insulin-resistant subjects. 30 In our study, HDL cholesterol, which is negatively correlated with apoA-I FCR in the univariate analysis, is no more associated with apoA-I FCR in the multivariable analysis when plasma adiponectin is present into the model. This indicates that the association between adiponectin and HDL cholesterol is explained by the relationship between adiponectin and apoA-I FCR.
The multivariable analysis indicates that apoA-I FCR is independently associated with plasma adiponectin (negatively) and HDL triglycerides/cholesterol ratio (positively) and that the 2 variables explain 62% of its variance. HDL particles of patients with metabolic syndrome are enriched in triglycerides. 35 As previously reported, 30, 36 we found that triglyceride enrichment of HDLs is a factor for increased apoA-I catabolism. It has been shown that HDLs with a higher triglyceride content are better substrates for hepatic lipase leading to their faster catabolism. 36 An association between adiponectin and triglycerides has been reported in several studies 3, 14, 16, 17, 32, 33 and is confirmed in the present one. Because plasma triglycerides (or HDL triglyceride content) is usually correlated with both apoA-I catabolism and plasma adiponectin, we could have suspected that the association between adiponectin and apoA-I FCR might be explained by the known link between plasma adiponectin and triglycerides. Our data exclude this hypothesis and clearly show that plasma adiponectin is an important determinant of apoA-I catabolism independently of triglycerides, explaining by its own 43% of apoA-I FCR variance.
Interestingly, we show that clinical (waist circumference) and biological (HOMA-IR, QUICKI) indexes for insulin resistance are significantly associated with apoA-I FCR in the univariate analysis, but no more in the multivariable analysis when plasma adiponectin is present in the statistical model. These results suggest that adiponectin could be an important link between insulin resistance and increased apoA-I catabolism.
Our data suggest that adiponectin may have a direct role on HDL catabolism. However, the mechanisms linking plasma adiponectin and HDL metabolism remain unknown and further studies are needed to explore them.
In conclusion, our in vivo kinetic study shows a significant negative correlation between plasma adiponectin and apoA-I FCR in individuals with a wide range of plasma adiponectin, including patients with metabolic syndrome and normal subjects. The significant association between plasma adiponectin and apoA-I FCR is independent of other factors, such as HDL triglyceride content or clinical and biological indexes of insulin sensitivity. Plasma adiponectin, on its own, explains 43% of the variance of apoA-I FCR. These data suggest that adiponectin may have a direct role on HDL catabolism.
